Förster resonance energy transfer (FRET) is a phenomenon used for bioimaging ranging from single molecules to in vivo scale. A large variety of organic dyes and fluorescent proteins are available for FRET probes. In this review, we introduce the representative pairs of FRET probes developed thus far. The efficiency of FRET is depending on the spectral overlap of donor emission and acceptor absorption, the orientation of donor and acceptor and their distance. For FRET-based indicators composed of fluorescent proteins, their orientation and dimeric property of donor and acceptor largely affect the FRET efficiency, indicating the effect for the performance of indicators. In addition, three major applications of FRET, including genetically encoded indicators, single-molecule FRET, and enhancement of chemiluminescent proteins, have been introduced and their functions have also been discussed.
Introduction
A brief introduction to FRET For many years, biologists have wanted to elucidate the events that occur in living systems, from the molecular level to the whole organ level. Optical imaging, and fluorescence imaging in particular, is a powerful technique because it allows us to visualize events occurring during the live state. Förster resonance energy transfer (FRET) is a physical phenomenon that can be applied for visualizing many biological events. FRET uses a pair of fluorophores and/or chromophores known as a donor and an acceptor. If the emission spectrum of the donor and the absorption spectrum of the acceptor overlap ( Fig. 1a) and if the distance between the donor and the acceptor is close enough (typically, <10 nm) when the donor is excited by a light source or catalytic reaction, the excitation energy is transferred to the acceptor via a radiationless process. The characteristic distance, i.e. the so-called Förster distance (r 0 ), is calculated as follows: where κ 2 is the orientation factor that represents the geometric relationship between the donor emission transition dipole and acceptor absorption transition dipole, Q D is quantum yield of the donor, N is Avogadro's number, n is the refractive index of the medium and J (λ) is the overlap integral of normalized donor emission and acceptor absorption spectrum [1] . The energy transfer efficiency E is dependent on the inverse sixth power of the distance between the donor and acceptor molecules as follows:
This equation tells us that if the distance between the donor and acceptor molecules is nearly r 0 , a small change in the distance and geometrics dramatically affects the energy transfer efficiency (Fig. 1b ) [1] .
Pairs of donor and acceptor molecules
Currently, many organic dyes and fluorescent proteins have been developed and are being used as FRET donors and acceptors [2] [3] [4] . Table 1 shows representative FRET pairs categorized by organic dye-base, fluorescent protein base, hybrid of organic dye and fluorescent protein base, hybrid of organic and quantum dot (Qdot) base, and fluorescent and chemiluminescent protein base. FRET is mainly used in studies for investigating molecular interactions and conformational changes in biomolecules. In addition, FRET can be applied to develop indicators for biological functions as well as to enhance chemiluminescent signals and near-infrared probes for living organisms. Fluorescent protein pairs have been used to visualize molecular interactions in live cells, whereas organic dyes are preferentially used for in vitro studies, especially for single-molecule experiments, because they have higher photostability than fluorescent proteins. Fortunately, due to the enormous contribution of many researchers, now we can choose many FRET pairs which suit for one's purpose. For intra-molecular FRET, r 0 values should be considered to increase the dynamic range of FRET efficiency. In both cases, separation of spectrum of donor and acceptor is important to obtain better FRET data. Spectral unmixing techniques will contribute to extract donor and acceptor emission dramatically [5] . X-Rhod and Fluo4 [7, 8] , have no targetability. Though the first version of YC successfully detected the Ca 2+ concentration, its dynamic range was small [6] . What were the problems with this method? One of the possibilities was the orientation factor. As shown in Eqs. (1) and (2), the efficiency of FRET is closely dependent on not only the distance between the donor and acceptor but also the relative orientation of the transition dipole moment of donor emission and acceptor absorption, which is described as , as given below:
where θ T is the angle between the emission transition dipole of the donor and the absorption transition dipole of the acceptor, θ D and θ A are the angle of these dipoles against the vector joining donor and acceptor [1] . The κ 2 value takes on 0-4 values corresponding to the orientations of the donor emission transition dipole and acceptor absorption transition dipole from perpendicular to parallel. As shown in Fig. 2 , the r 0 value largely changes upon the κ 2 value changing. This means that even when the distance between donor and acceptor is constant, changes in orientation should affect the FRET efficiency.
In most cases, the κ 2 value is assumed to be 2/3, meaning that the donor and acceptor freely rotate during donor excitation life time, and thus, the dipole orientation should be isotropic [9] . This may be true in cases using small organic dyes because of their small size [10] , showing almost zero fluorescence anisotropy. However, since the size of fluorescent proteins is sufficiently large ( 3 nm) and the shape of the conformation is not globular but barrel-like, the orientations of fluorescent proteins are relatively hindered. Indeed, fluorescence anisotropy of fluorescent proteins in living cells is around 0.2 [11] . Thus, the orientation of fluorescent proteins in GECIs should be arranged. Nagai et al. invented a method to rigorously change the dipole orientation in an FRET-based GECI, YC. Several circularly permuted Venus fluorescent proteins (cpVenus) were created, and the Venus in YC was replaced with the cpVenus (Fig. 3) . Among the constructs, YC3.60, which has cp173Venus as the acceptor, showed almost 90% FRET efficiency in the Ca
2+
-bound form, resulting in the biggest dynamic range (600%) [12] . Expectedly, the fluorescence anisotropy in YC3.60 dramatically decreased from 0.12 to −0.05 because of the fluorescence depolarization upon Ca 2+ binding [12] .
Another important factor to increase FRET efficiency (i.e. increase the dynamic range) is the dimerization properties of fluorescent proteins. Since the concentration of transiently expressed protein in living cells is at the micromolar level and the dissociation constant of native Aequorea GFP (aqGFP) is 74 μM, the monomeric version of aqGFP is in fact preferred for bioimaging [13] . The mutation A206K in aqGFP causes a complete monomeric phenotype (the K d cannot be determined), and this mutant also works for other aqGFP color variants. As shown in Table 1 , many types of monomeric proteins can be used as the FRET donor and acceptor. However, the formation of the 'complete monomer' may result in repulsion derived from the positive charge of the lysine residue, which may inhibit the close interaction of FRET pair of proteins. Kotera et al. examined which 'monomeric' or 'native' property works well as an FRET-based indicator in order to develop sensors with high dynamic ranges [14] . They found that the FRET efficiency increased when 'native' fluorescent proteins were used. Although the 'dimerization' mutant S208F/V224L also increased the FRET efficiency, due to the high dimerization properties of this mutant, FRET occurred even in the absence of the substrate, which also caused a low dynamic range because the FRET efficiency differences in the presence or in the absence of the substrate became small (Fig. 4) . Therefore, 'native' aqGFP variant pairs give the highest dynamic range as indicators.
In addition, the K d values for Ca 2+ in a mixture of free CaM and free M13 were at the nanomolar level (4.85 nM) [15] , whereas the K d values for the YC series were in the order of several hundred nanomolars (e.g. 250 nM in YC3.60) [12] . Therefore, there is the probability of steric hindrance for sensor domains inhibiting the binding of substrate. To improve the binding affinity, Horikawa et al. screened the optimal linker length between CaM and M13 [16] . They succeeded in the construction of the YC with the highest reported binding affinity, which was named 'YC-nano'
and had K d values ranging from 15 to 60 nM. These probes enabled the detection of the intrinsic activity of neuronal cells and oscillative signal propagation during cellular aggregation of Dictyostelium discoideum [16] . Blinking of fluorophores, which is unique for singlemolecule observations, is a major issue for compatible use of FRET and single-molecule imaging. The excited state of the fluorophore transits to the basal state through radiative or nonradiative processes during the fluorescence lifetime. However, the excited-state fluorophore sometimes transits to the triplet states, which has microsecond fluorescence lifetime, leading to the late photon-emitting rate. only near the Qdot surface, which meant that the fluorescent signals indicated the binding of Cy3-ATP to myosin. They succeeded in increasing the concentration of Cy3-ATP up to 10 μM, which was three orders higher than that achievable by evanescent field-based illumination.
Currently, FRET is used for super-resolution imaging, which breaks the Abbe's diffraction limit.
Bates
Improvement of the brightness of chemiluminescent proteins
FRET can also be used to enhance weak donor fluorescence. Renilla luciferase (RLuc) is one such chemiluminescent protein that emits blue luminescence by catalyzing the oxidation of coelenterazine to yield celenteramide. The luminescence quantum yield of RLuc is quite low (approximately 0.05). However, if the chemiluminescent protein is located within a short distance from the fluorescent protein, which has a high fluorescence quantum yield, the excitation energy of the chemiluminescent protein is transferred to the fluorescent protein, leading to high photon emission. Indeed, the sea pansy Renilla reniformis can emit green fluorescence itself because FRET occurs between RLuc and Renilla green fluorescent proteins (RGFPs) with a surprising 100% FRET efficiency [35] . By mimicking this natural system, Saito et al. developed the brightest FRET-based chemiluminescent protein, named Nano-lantern, which enabled video-rate imaging of cancer cells in a freely moving unshaved mouse [36] . They also developed a series of the sensors for Ca 2+ , ATP and cAMP, inserting the sensor domain for each of these molecules into the RLuc moiety of Nano-lantern. Because Nano-lantern-based probes do not require excitation light, innate problems in fluorescence observation, such as autofluorescence and phototoxicity, can be avoided. In addition, Nano-lantern and Nano-lantern-based indicators are highly compatible with optogenetic tools such as ChR2 and NpHR. If fluorescent proteins or fluorescent protein-based indicators are used in conjunction with optogenetic tools, the excitation light for fluorescence observation must misactivate optogenetic tools [37].
Conclusions
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